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Inhibition of mesangial iNOS by reduced extracellular pH is
associated with uncoupling of NADPH oxidation
SHARMA S. PRABHAKAR
Texas Tech University Health Sciences Center, Lubbock, Texas, USA
Inhibition of mesangial iNOS by reduced extracellular pH is models of chronic renal failure [1] as well as clinical
associated with uncoupling of NADPH oxidation. studies indicate that intrarenal nitric oxide (NO) synthe-
Background. Since chronic renal failure is associated with sis is decreased and may contribute to the progressionmetabolic acidosis and down-regulation of intrarenal nitric ox-
of renal failure by accelerating glomerular and interstitialide (NO) synthesis, I tested the hypothesis that acidosis may
sclerosis [2]. However, the effects of acidosis on intrare-impair the intrarenal NO synthesis. The effects of alterations
in extracellular pH were examined on inducible NO synthesis nal NO synthesis have not been examined. I hypothe-
in murine mesangial cells (MMC) in culture. sized that acidosis inhibits intrarenal NO synthesis, and
Methods. NO synthesis was induced in MMC by bacterial to verify this hypothesis the effects of manipulation oflipopolysaccharide and tumor necrosis factor- and assayed by
extracellular pH (pHe) on mesangial NO productionan NO analyzer that measured nitrites and nitrates (NOx). The
were studied and the potential mechanisms that mayactivity of inducible NO synthase (iNOS) enzyme was assayed
by conversion of [3H]-arginine to [3H]-citrulline. Experimental explain the effects of pHe on mesangial NO synthesis
groups included cells cultured with a pH of 7.3 (normal), or were further explored. The data presented indicate that
7.0 (low) or 7.6 (high), and the assigned pH values were main-
reduced pHe decreases inducible NO synthesis in mesan-tained by HEPES and Tris.
gial cells in culture and further that these effects mayResults. NOx was decreased in MMC exposed to the reduced
pH compared to other groups. [3H]-citrulline assay showed an be mediated by mechanisms that involve uncoupling of
80% reduction in iNOS activity in stimulated MMC exposed NADPH oxidation.
to a reduced pH versus control pH (P  0.01). iNOS mRNA
and protein expression were similar in control and low pH
cells. The iNOS inhibition was not reversed by supplementation METHODS
of MMC with either l-arginine or tetrahydrobiopterin, a major
Chemicalsco-factor for NOS enzyme. MMC re-incubated in control pH
after being exposed to the low pH demonstrated re-inducibility Culture media (Dulbecco’s modified Eagle’s medium,
of NOS activity. Furthermore, MMC exposed to low pH were DMEM), bacterial lipopolysaccharide (LPS) from E. coliassociated with a higher NADP/[H]-citrulline ratio (3.2) com-
B26:06, rat recombinant tumor necrosis factor- (TNF-),pared to standard pH (1.7), indicating an increase in NADP/
rat gamma interferon (INF-), HEPES, Tris, and nicotin-[H]-citrulline stoichiometries and uncoupling of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidation. In con- amide adenine dinucleotide phosphate (NADPH) were
trast, macrophages exposed to the reduced pH did not demon- obtained from Sigma Chemicals (St. Louis, MO, USA).
strate uncoupling of NADPH oxidation.
Tetrahydrobiopterin and l-arginine were obtained fromConclusion. Acidosis impairs iNOS activity in MMC by
Novabiochem-Calbiochem (San Diego, CA, USA).a post-translational mechanism that involves uncoupling of
NADPH oxidation.
Cell culture
Murine mesangial cells (MMC) obtained from (Amer-
Metabolic acidosis is an integral clinical feature of ican Type Culture Collection; ATCC Inc., Rockville, MD,
many forms of chronic renal failure with significant clini- USA) were cultured in 75 cm2 flasks and sub-cultured in
cal consequences. Recent reports of many experimental 96-well plates for NO assay in experimental groups of
12. Induction of NO synthesis was achieved by bacterial
LPS (10 g/mL) and TNF- at 100 ng/mL final concen-Key words: acidosis, nitric oxide, murine mesangial cell, chronic renal
failure. tration. The basal of pH of media was 7.3 (control) when
reconstituted and equilibrated with 5% CO2 at 37C. RatReceived for publication June 20, 2001
mesangial cells (RMC) in primary culture obtained fromand in revised form January 28, 2002
Accepted for publication January 29, 2002 rat glomerular explants (courtesy of Dr. P.C. Singhal, Long
Island Jewish Medical Center, New Hyde Park, NY, USA) 2002 by the International Society of Nephrology
2015
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were induced similarly. Normal human mesangial cells buffer and cells disrupted by repeated pipetting. The cells
were centrifuged at full speed for five minutes and the(NHMC) from a commercial source (Clonetics, Inc, San
Diego, CA, USA) were induced with LPS, TNF- and rat supernatant was collected in a tube and kept on ice until
used for NOS assay. The protein concentration of theIFN- (50 U/mL). Murine peritoneal derived macrophages
(RAW 264.7 cells) were obtained from ATCC Inc., and samples was measured by spectrophotometry at 595
nmol/L and the sample volume adjusted to contain 5 gwere initially grown in 75 cm2 flasks and subcultured in
96-well plates using DMEM media; NO synthesis was of protein/L. A reaction mixture containing 10 mmol/L
NADPH, 3H-arginine was prepared in a microcentrifugeinduced with LPS from E. coli (026:B6) at 1 g/mL.
tube and placed on ice and appropriate sample volumes
Maintenance of pH in cell culture media (usually 1 to 20L) containing 5g of protein were added
to 40 L of reaction mixture in corresponding tubes. AA pH meter (Hanna Instruments, Woodsocket, RI,
USA) was used to determine the pH in the media. An positive control was prepared using rat cerebellar extract
supplied with the NOS assay kit and a negative controlacidic medium (pH 7.0) was prepared by the addition
of dilute hydrochloric acid and titrated to a desired pH, was prepared using l-arginine analog nitro-l-arginine
methyl ester (L-NAME), a NOS inhibitor. All the sam-and an alkaline medium (pH 7.6) was prepared by the
addition of NaOH (1 mol/L). In both cases pH was main- ples were incubated at 37C for 30 minutes and the reac-
tion was stopped by a stop buffer containing EDTA.tained by the addition of both HEPES (40 mmol/L)
and Tris (30 mmol/L). The pH of the medium of all Then 100 L of resuspended equilibrated buffer was
added to each sample, which was placed into spin cups.experimental groups was verified at the beginning as well
as at the end of the experiments. The samples then were spun at full speed for 30 seconds
and the elute transferred into a scintillation vial con-
NO measurement taining 5 mL of scintillation fluid. The radioactivity was
then measured in a liquid scintillation counter and ex-The conditioned media was separated at the end of the
experimental study and NO was assayed by measuring pressed as counts per minute (cpm) per mg of protein
per minute.nitrites and nitrates, the stable end products of NO by
an NO analyzer that uses the technique of chemilumines-
NADPH oxidation assaycence. The details of this method have been described
in our previous publication [3]. In brief, NO samples were NADPH is an important co-factor for NOS activation,
during which it is oxidized to NADP. NADPH oxida-injected into a purge vessel containing vanadium, which
converted nitrites and nitrates into NO. The NO was then tion was determined by measuring NADP generation
spectrophotometrically at 340 nm and 37C, as per thepropelled by an inert gas nitrogen into a reaction chamber
where NO was oxidized in N2O2 by ozone. The chemi- previously published protocol [5]. The measuring cuvette
contained lysates of MMC stimulated with LPS andluminescence associated with this reaction was displayed
in millivolts on the NO analyzer. The signal associated TNF-, 0.2 mmol/L of l-arginine, 10 mmol/L of BH4.
The reaction was started by the addition of 0.2 mmol/Lwith such a reaction was acquired and analyzed by NO
analysis software that digitized the data to yield the NADPH and monitored for 30 minutes. The observed
oxidation rates were corrected by subtraction of blankamount of NO in micromoles. Every sample was mea-
sured in triplicate and the average of the three numbers rates obtained in the negative control prepared by heat
inactivation.was taken as the representative of NO content. The NO
activity of the untreated medium was subtracted from
iNOS mRNA and protein expressioneach sample to obtain the true NO content of the sample.
RNA isolation. When the experimentation with cells
Nitric oxide synthase assay was completed, the cells were suspended in 1 mL of Trizol
and incubated at room temperature (RT) for five minutes.The NO synthase (NOS) activity was assayed by the
conversion of [3H] arginine to [3H] citrulline using a com- Then 200 L of CHCl3 was added, cells incubated at RT
for three minutes and transferred to a phase lock tube.mercial NOS assay kit (Sigma Chemicals). The NOS
enzyme activity was measured by citrulline assay, the The tubes were centrifuged at maximum  g for 15
minutes. The incubation with CHCl3 and centrifugationdetails of which have been described in our previous
publication [4]. Briefly, the procedure is as follows. After was repeated twice. The top liquid layer was transferred
to a microtube and equal volume (usually 500 L) ofthe cells were incubated under experimental conditions,
the cells were washed in 1  phosphate-buffered saline 100% isopropanol was added and mixed by inverting.
The tubes were incubated at RT for 10 minutes and(PBS), harvested in trypsin-ethylenediaminetetraacetic
acid (EDTA), centrifuged at full speed for five minutes centrifuged at maximum  g for 10 minutes. The super-
natant was then removed and the pellet was washed withat room temperature and supernatant discarded. The pel-
let was re-suspended in 100 L of 1  homogenization 500 L of 70% ethanol. After vortex spinning, the tubes
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were centrifuged at maximum  g for 10 minutes and brane was placed in a plastic container containing 25 mL
then the supernatant was removed and the pellet dried. of blocking buffer [1.5% bovine serum albumin (BSA)
The ethanol was pipetted off and 20 L of DEPC water in Tris-Saline-Tween (TST)] and rocked for one hour.
was added, and then the pellet was allowed to dry. The The membrane was then incubated in 25 mL of blocking
tubes were then labeled and RNA was stored in 70C. buffer containing primary antibody (monoclonal anti-rat
iNOS antibody) at 1:10,000 dilutions and left overnight
Reverse transcription-polymerase chain reaction in a cold room (20C). After removing the buffer, the
For the reverse transcription-polymerase chain reac- membranes were washed with TST sequentially five
tion (RT-PCR), 1 L of RNA was added to 19 L of the times in periods varying from 5 to 15 minutes. The sec-
master mix (5 L of H2O, 2 L of PCR buffer, 2 L of ondary antibody (anti-mouse IgG tagged to horseradish
MgCl2, 8 L of dNTP, 0.5 L of RNAse inhibitor, 1 L myeloperoxidase) in 1.5% BSA buffer was added over
of random hexamers and 0.5 L of Superscript II) in the membrane and incubated in a rocker for four hours.
0.2-mL PCR tubes. After vortex spinning, the tubes were The membrane was then washed as above and then incu-
placed in a PCR machine and RNA2 cycle (23C 10 min, bated in Reagent 1 and Reagent 2 sequentially for five
37C 15 min, 42C 15 min, 99C 5 min and 4C	). minutes each. The membrane was then dried on a paper
For PCR, 18 L of master mix 2 (2 L of PRC buffer,
towel and placed on a cassette and exposed in a dark
14.45 L of H2O, 0.65 L of MgCl2, 0.8 L of primer, room. The density of the bands on the autoradiographsand 0.1 L of Taq) was pipetted into a 0.2 mL PCR tube.
was measured using a commercially available softwareTwo microliters of cDNA was added into each tube and
(Visuage 2000 blot scanning and analysis; Fujitsu Amer-vortex spun. The PCR tubes were then placed in the PCR
ica, San Jose, CA, USA) and the integrated optical den-machine and the PCR 1 cycle was run. This consists of
sity was expressed in arbitrary units and as a percentagetwo cycles of (94C  20 sec, 60C  30 sec, 72C  90
of control groups.sec) and 35 cycles of (94C 20 sec, 60C 30 sec, 72C
90 sec), followed by 72C  seven minutes and 4C  	.
Data analysisThe PCR results were then viewed in by running an aga-
All data are expressed as means 
 SEM. The NOxrose gel. A 1% agarose gel in TAE was made with a
data for NO assay was acquisitioned and analyzed bytotal weight of 30 g, 1 L of ethidium bromide added
NO-specific software that converted the area under theand the mixture poured into a gel caster. After the gel
curves into micromolar amounts. All other data were ana-hardened, the samples (2L of cDNA with 8L of loading
lyzed using commercial statistical software, SigmaPlot 5buffer) were loaded into each well. The gel was run at
120 volts (V) for 30 minutes, viewed in a transilluminator (SPSS Inc., Richmond, VA, USA). Comparisons between
and autoradiographs obtained. A housekeeping gene, groups were performed by independent t test or repeated
glyceraldehydes 3-phosphate dehydrogenase (GADPH), measures analysis of variance (ANOVA) as appropriate.
and negative controls omitting reverse transcriptase The differences were considered statistically significant
(RT) were used for quality control in all studies. when P was 0.05. In the case of RT-PCR and Western
analysis, the most representative of several experiments
Western blot analysis was illustrated.
Murine mesangial cells were incubated in six-well
plates at 105 cells/well for 24 hours in various experimen-
RESULTStal conditions. The cells were dissociated by 500 L of
sodium dodecyl sulfate (SDS) lysis buffer, 125 L of Effects of extracellular pH on NOx accumulation
loading buffer was added and frozen until processed. in MMC
The concentration of total protein in all samples was
Induction of NO synthesis under varying condition ofassayed by spectrophotometry at 595 nm. Twenty micro-
pHe conditions indicated that reduced pHe (7.0) signifi-grams of protein from each sample was loaded on to
cantly inhibited NOx accumulation in MMC (Fig. 1),micro-wells in SDS-polyacrylamide gel electrophoresis
while it was unaffected by increased pHe (7.6) compared(SDS-PAGE) gels and electrophoresed for half an hour
to control pHe (7.3). With induction, the NOx accumula-at 200 V. The gel was then transferred on to a polyvinyl
tion increased from 1.89 
 0.75 to 25.53 
 1.85 mol/Ldifluoride (PVDF; Bio-Rad, Richmond, CA, USA). The
(N  12, P  0.001) in control pH while in reduced pHemembrane was presoaked in 100% methanol, water and
there was no increase in NOx in MMC (3.22 
 1.35 totransfer buffer. The gel was attached to a filter paper
3.82 
 1.92 mol/L, N  12, P  NS). The increase inand placed on a cassette and the membrane was placed
NOx in MMC exposed to elevated pHe was comparableover the gel and covered with a filter paper. The gel
to control pHe (2.9 
 0.99 to 19.68 
 2.1 mol/L; N transfer on to the membrane was carried out by electro-
phoresis at 87 V in cold room for two hours. The mem- 12, P  0.01).
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Fig. 2. Effects of pHe on NOx in rat mesangial cells. Experiments per-Fig. 1. Effects of extracellular pH (pHe) on nitrate and nitrite (NOx)
formed in primary cultures of mesangial cells from rat glomerular ex-accumulation in murine mesangial cells (MMC). Control pH (Con) is
plants. Abbreviations are: T, TNF-; L, LPS. *P  0.01 compared to7.3 while acidic and alkaline pH is 7.0 and 7.6, respectively. Abbrevia-
control. N  12 in each group.tions are: T, tumor necrosis factor- (TNF-); L, lipopolysaccharide
(LPS). *P  0.001 compared to control. N  12 in each group.
Fig. 3. Reverse transcription-polymerase chain
reaction (RT-PCR) for detection of inducible
nitric oxide synthase (iNOS) messenger RNA
in MMC: Effects of pHe. The results shown
are representative of three other experiments.
The arrow on the right denotes a 226 bp iNOS
primer. Lane 1, control pH; lane 2, control
pH (7.3)  LT; lane 3, acid pH (7.0); lane 4,
acid pH (7.0)  LT; lane 5, alkaline pH
(7.6); lane 6, alkaline pH (7.6)LT; and lane
7, 100 bp ladder. The positive bands in lanes
2, 4 and 6 represent iNOS mRNA. The arrow
on the left indicates a 632 bp GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase). The
lanes on the left represent GAP() RT() con-
trol. Lane A, 100 bp ladder; lane B, GAP()
and RT() control; lane C, control pH (7.3)
LT GAP() RT(); lane D, acid pH (7.0),
GAP() RT(); lane E, acid pH (7.0)LT,
GAP() RT(); lane F, alkaline pH (7.6)
GAP() RT() and lane G alkaline pH (7.6)
LT and GAP () RT(). Abbreviations
are: T, TNF-; L, LPS.
Species specificity N  12, P  0.01). These data establish that the pH
effects on mesangial iNOS are not species specific.To evaluate if the above-described effects were species
specific, we examined NOx in mesangial cells from other iNOS gene and protein expressionspecies under varying pHe conditions. The results in
To examine the site of inhibition in NO synthesis byRMC were very similar to those in MMC (Fig. 2). NOx
reduced pH, the iNOS gene expression was evaluatedaccumulation RMC exposed to reduced pH increased to
by RT-PCR. The results indicated that there was no14.8
 2.8 mol/L from a baseline of 9.89
 1.14 mol/L
difference in the mRNA expression in MMC exposed toversus control 34.4 
 3.3 from a baseline of 6.8 
 1.09
reduced or elevated pHe (Fig. 3). Next the iNOS proteinmol/L (N  12, P  0.01). Results in NHMC were also
expression was studied in cells exposed to differing pHe.qualitatively similar to murine and RMC (32.4 
 3.21
Again, no difference was noted in the iNOS protein bandsfrom 7.44
 1.43 in control vs. 12.11
 1.81 from a baseline
of 6.89 
 1.26 mol/L in NHMC exposed to reduced pH; by Western analysis (Fig. 4). Quantification of the signals
Prabhakar: Nitric oxide and extracellular pH 2019
Fig. 4. Western blotting showing the effects of pHe on iNOS protein
expression. The immunoblots shown represent similar results from three
other experiments. The arrow on the left indicates a 130 kD iNOS
protein. Lane 1, ladder; lane 2, control pH (7.3); lane 3, control TL;
lane 4, acid pH (7.0); lane 5, acid pH LT; lane 6, alkaline pH (7.6);
lane 7, alkaline pH LT; and lane 8, iNOS  control. Densitometric
image analysis revealed no significant differences among the bands in
lanes 3, 5, 7 and 8. Abbreviations are: T, TNF-; L, LPS.
Fig. 6. NOS assay for iNOS enzyme activity showing the reversibility
of pH effects. Re-incubation of MMC exposed to reduced pHe in control
pHe restored inducibility of NOS. Abbreviations are: T, TNF-; L, LPS.
*P  0.05 vs. control. N  4 in each group.
associated with [3H]-citrulline generation comparable to
control conditions. These data indicate that decreased
NOx seen with reduced pHe is a consequence of inhibition
of iNOS enzyme activity.
Reversibility of pHe: Effects on iNOS
To verify if the inhibitory effects of reduced pHe on
Fig. 5. Nitric oxide synthase (NOS) assay using conversion of L-[3H] iNOS were reversible, MMC incubated in reduced pHearginine to L-[3H] citrulline. Effects of pHe on NOS activity. Abbrevia-
for 20 hours and stimulated with TNF and LPS weretions are: T, TNF-; L, LPS. *P  0.001 vs. control. #P  0.01 vs. (7.3
LT). N  6 in each group. exposed to control pH (7.3) for 10 hours. As shown in
Figure 6, upon re-exposure to normal pH, MMC exhib-
ited inducibility of NO synthesis as the NOx increase in
MMC (stimulated in reduced pH) reached control levelsin Western blots was performed using image analysis soft-
(398.5 
 17.2 cpm/mg of protein/min in control pHe vs.ware (Visuage 2000 blot scanning and analysis; Fujitsu
357.3 
 22.1 in reduced pHe re-exposed to control pHe;America, San Jose, CA, USA). Image analysis of the
N 6 and PNS). These data suggest that the inhibitorybands showed that the integrated optical density was
effects of reduced pHe are reversible.6.49
 0.82 arbitrary units (control pH) versus 6.23
 0.87
(reduced pH) and 7.03 
 1.06 in elevated pH (N  4,
Effects of L-arginine and BH4 supplementationP  NS between the 3 groups). Together these data
Since the iNOS inhibition under reduced pHe condi-indicate that inhibition of NO synthesis by reduced pHe
tions occurred at a step beyond the translation of iNOStakes place at a post-translational site.
protein, we examined the effects of supplementation of
iNOS enzyme activity assay BH4, an important post-translational modulator of NOS
activity. A 10 mmol/L supplementation of BH4 did notReduced NOx accumulation could be a result of forma-
affect the inhibition of NOS by reduced pHe. As showntion of other toxic nitrogen metabolites such as peroxyni-
in Figure 7, there was no difference in NOx in the stan-trate while the activity of NOS itself could be unaffected.
dard and high pH with BH4 supplementation (refer to theTo examine this possibility, the iNOS enzyme activity
legend). These data indicate that availability and bindingwas studied by conversion of [3H]-arginine to [3H]-citrul-
of BH4 to iNOS enzyme is unaffected by reduced pH.line in MMC exposed to various pHe conditions. Re-
We also examined the hypothesis that substrate avail-duced pHe resulted in significant decrease in [3H]-citrul-
ability might be a limiting factor for diminished NO syn-line generation compared to control (1633 
 27 cpm/mg
thesis in MMC exposed to reduced pHe. For this purposeof protein/min vs. 645 
 31 in reduced pHe; N  6 and
P  0.01) as shown in Figure 5, while elevated pHe was MMC incubated in varying media pH were exposed satu-
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Table 1. Effects of pHe on NADPH oxidation in MMC
pH
7.0 7.3 7.6 7.0→7.3
NADP lmol/L 60.2
6.7 72.7
5.9 91.94
7.8 77.3
5.3
Citrulline lmol/L 18.8
2.1 42.8
3.3 49.7
4.3 45.7
3.1
NADP/citrulline ratio 3.2 1.7 1.85 1.69
Abbreviations are: pHe, extracellular pH; NADPH, nicotinamide adenine
dineucleotide phosphate; MMC, murine mesangial cells.
Reduced pHe was associated with decreased citrulline generation and in-
creased NADP: citrulline stoichiometries. N  12 in all groups. The last group
represents MMC stimulated with LPS and TNF- at pH 7.0 and transferred to
control pH 7.3 where inducible NO synthesis was assayed.
tion (10 mmol/L) were similar to those seen when supple-Fig. 7. Effects of tetrahydrobiopterin supplementation on NOx in stim-
mentation was done to intact cells. Similarly in vitroulated MMC with changes in pHe. Bars denote: (A) control MMC
(unstimulated); (B) control MMC (unstimulated) with BH4 (10 mmol/L) l-arginine supplementation (10 mmol/L) to stimulated
supplementation; (C through H) stimulated MMC with (C) acidic pH MMC lysates demonstrated a small increase in iNOS(7.0), (D) acidic pH with BH4, (E) control, (F) control with BH4, (G)
activity among all experimental groups but without anyalkaline pH (7.6), and (H) alkaline pH (7.6) with BH4. N  12 in each
group. In every given experimental condition, BH4 supplementation significant reversal of inhibition in reduced pH group.
did not significantly affect NO synthesis. These data indicate that the iNOS inhibition at reduced
pH is not due to an effect of pH on trans-membrane
transport of these factors.
Effects of pHe on NADPH oxidation
One of the major co-factors for iNOS is NADPH,
which oxidizes l-arginine to l-citrulline in a two step pro-
cess that requires a NADP-citrulline stoichiometry of
1.5:1 in the conversion reaction. The NADP generation
from NADPH oxidation was measured and then the cou-
pling ratio of NADP to citrulline measured, as described
under the Methods section. As shown in Table 1, the
results indicated that while spectrophotometric measure-
ments of NADP were not different between the three
groups, the citrulline generation was significantly lower
in the group exposed to reduced pHe (18.8 
 2.1 vs.
42.8 
 3.3 mol/L in control pH; N  12, P  0.01).
The NADP: citrulline stoichiometry was well coupled
Fig. 8. Effects of in vitro BH4 supplementation to MMC lysates on in the range of 1.7 in the standard and high pH while
iNOS activity: Role of pHe. Experimental procedures were similar to
in reduced pH the stoichiometry was increased to 3.2,those shown in Figure 7, except that the BH4 supplementation was done
after the stimulated cells were lysed during the in vitro iNOS assay. suggesting an uncoupling of NADPH oxidation. The
The results are qualitatively similar to those seen with intact MMC, coupling was restored to normalcy when the MMC stim-
indicating that blockade of transcellular transport of BH4 was not a
ulated in reduced pH conditions were returned to stan-factor in iNOS inhibition under reduced pH. P  0.01 compared to 7.3,
N  6 in each group. dard pH media and citrulline generation, and NADPH
oxidation re-examined (Table 1). These results suggest
that in the acidic microenvironment, iNOS inhibition in
mesangial cells is probably mediated by a post-transla-rating concentrations of l-arginine (10 mmol/L or 20 times
tional modification involving the NADPH oxidation.the standard media content) and the NOx accumulation
Since iNOS activity is increased under reduced pHwith induction of NOS was examined. There was a small
conditions in macrophages, we examined NADPH oxi-but significant increase in all groups and there was no
dation under these conditions. As shown in Table 2, thedifference between experimental groups (data not shown).
NADP: citrulline stoichiometry was well coupled in ma-The effects of l-arginine and BH4 supplementation
crophages even in reduced pH conditions. These findingsalso were examined in vitro with NOS experiments,
agree with the previously reported observations thatwhere the MMC lysates induced in standard and reduced
iNOS activation in macrophages exposed to reduced pHpH were supplemented with l-arginine and BH4. As
shown in Figure 8, results of in vitro BH4 supplementa- was associated with increased iNOS mRNA expression
Prabhakar: Nitric oxide and extracellular pH 2021
Table 3. Effects of pHe on NADPH oxidation using isolatedTable 2. Effects of pHe on NADPH oxidation in the macrophage
(RAW 264.7) cell line inducible nitric oxide synthase (iNOS) enzyme preparation
pHepHe
7.0 7.3 7.67.0 7.3 7.6
NADP lmol/L 112.8
8.9 125.2
9.3 127.2
7.6 NADP lmol/L 58.4
5.8 63.4
7.1 79.3
8.9
Citrulline lmol/L 19.3
2.8 40.7
6.1 47.9
6.3Citrulline lmol/L 68.4
2.1 73.2
3.3 71.9
2.7
NADP/citrulline ratio 1.65 1.71 1.77 NADP/citrulline ratio 3.02 1.55 1.65
The NO synthesis reflected by [3H] citrulline generation was not inhibited The NADPH oxidation was determined using the [3H] citrulline assay in
experiments where purified iNOS peptide was substituted for lysates of stimu-by reduced pH, unlike in MMC. The NADP:citrulline stoichiometries were
maintained in the same range as in control, reduced and elevated pH conditions. lated MMC. The NADP:citrulline stoichiometry is similar to experiments with
MMC lysates, indicating that uncoupling of NADPH oxidation is linked to iNOS(N  12 in each group).
enzyme (N  6 in each group).
Fig. 9. Effects of pHe on iNOS-NADPH oxidation coupling. (A) Time course of iNOS activation and NADP generation. The NADP and
citrulline generation are measured at several time intervals using the in vitro iNOS assay in reaction mixtures incubated at 7.0 and 7.3 pH. Symbols
are: () NADP pH 7.0; () NADP pH 7.3; () [3H] citrulline pH 7.0; () [3H] citrulline pH 7.3. The values shown represent the mean of 4
experiments in each group. (B) iNOS–NADP coupling: Effects of NADPH supplementation. NADP () and iNOS activity (citrulline gen-
eration; ) was measured in three sets of experiments that included (A) lysates from MMC stimulated at 7.0 pH, (B) lysates from MMC stimulated
at pH 7.0 along with saturating (50 mmol/L) concentrations of NADPH, and (C) lysates from MMC stimulated at control (7.3) pH. NADPH
concentration in groups A and C is 10 mmol/L. N  6 in each group. *P  0.01 vs (A).
and nuclear factor-B (NF-B) activation which is medi- (436.5 
 21.7 cpm/mg of protein/min in control pHe vs.
223 
 18.9 in reduced pHe; N  6 and P  0.01). Atated by TNF- [6] Thus, uncoupling of NADPH oxida-
tion does not occur in cells in which reduced pH increases the same time, the NADPH oxidation was significantly
uncoupled in the low pH conditions (3.54 in reducediNOS activity.
The above experiments clearly demonstrated that pHe vs. 1.72 in control pHe; N 6 and P 0.01), confirm-
ing that increased oxidation of NADPH indeed was asso-mesangial cells exposed to reduced pH exhibit uncou-
pling of NADPH oxidation in association with reduced ciated with iNOS inhibition in reduced pH.
iNOS activity. However, their relationship is best dem-
Effects of NADPH supplementation on iNOS activityonstrated in effects of pH on isolated enzyme prepara-
under reduced pHe conditionstions, since there are several enzyme systems present in
cell lysate preparations. Therefore, an in vitro iNOS To examine the causal relation of uncoupling of
assay was conducted in which activity of purified iNOS NADPH oxidation to iNOS inhibition, the effects of
enzyme (Sigma Inc.) was evaluated in conditions of stan- supplementation of NADPH on iNOS activity and cou-
pling under experimental conditions with reduced pHedard pH (7.3) and acidic pH (7.0). The iNOS peptide
was derived from mouse macrophages and used in a were studied. First, the time course of NADP genera-
tion was examined under differing pHe conditions. Forfinal concentration of 1 g/mL. The results in Table 3
indicated that while ample iNOS activity was detected this purpose stimulated MMC lysates were incubated in
reaction mixtures (containing NADPH at 10 mmol/Lunder standard pH conditions, there was a significant
attenuation of activity under reduced pH conditions and other reagents as described in NOS assay) at either
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pH of 7.0 or 7.3 and NADP generation was studied at Several studies have documented the role of pH in
modulating cerebral blood flow through local change of5, 10, 20 and 30 minutes spectrophotometrically. As shown
in Figure 9A, there was a progressive increase in NADP NO release [11, 12]. These observations have concluded
that in cerebral ischemia, the accompanying acidosis at-generation at control (7.3) pH, while at the reduced (7.0)
pH the NADP generation was enhanced and rapid in tenuates NOS activity. Ayajiki et al have recently shown
that intracellular pH (pHi) and tyrosine phosphorylation,the initial five minutes, and did not increase thereafter.
Simultaneous measurements of [3H]-citrulline genera- but not calcium, determine shear stress-induced NO pro-
duction in native endothelial cells [13]. These findingstion showed that the iNOS activity closely paralleled
the NADPH activation (Fig. 9A). These data suggest underline the importance of mechanisms mediating the
sheer stress-induced NOS activation through the mecha-that the rate of oxidation of NADPH may be enhanced
under reduced pH conditions resulting in rapid substrate notransduction cascade that involves tyrosine phosphor-
ylation and modulated by changes in pHi.(NADPH) depletion.
Since NADP generation under reduced pH condi- In view of expanding role of NO in regulating renal
functions in health and disease, and since acidosis is antions was associated with rapid substrate depletion, the
effects of saturating concentrations of NADPH (50 mmol/L integral clinical feature of chronic renal failure, it is im-
perative to understand the effects of pH on intrarenalor fivefold increase) were evaluated on NADPH oxida-
tive coupling and iNOS activity by in vitro [3H]-citrulline NO synthesis. In addition to its effects on bone, vascula-
ture, bone and other tissues, acidosis may have deleteri-assay using stimulated MMC lysates in reduced pH con-
ditions. The iNOS activity as reflected by citrulline gener- ous effects on glomerular hemodynamics and renal dis-
ease progression. However, the effects of acidosis on theation was significantly lower in reduced pH (7.0) than in
control (7.3) pH conditions. However, when the reaction renal NO synthesis have not been adequately examined.
Extracellular acidosis (pH 6.95) prevented hypoxia-mixture was saturated with NADPH, the iNOS activity
was restored but the NADP:citrulline stoichiometry re- induced NO synthesis [14] in renal proximal tubular epi-
thelium. Activity of tubular NOS was reduced at low pHmained high (Fig. 9B). These data indicate that iNOS
(7.0) while optimal activity was seen at pH of 7.4 to 8.0.inhibition in reduced pH may be due to increased and
It was concluded that acidosis protects from deleteriousrapid NADPH oxidation.
effects of hypoxia by blocking the enhanced NO genera-
tion in the tubule. Recent literature supports the view
DISCUSSION that intrarenal NO production is decreased in many
Although the regulation of nitric oxide synthesis in forms chronic renal failure [2]. Furthermore, decreased
various cell systems has been extensively studied, the intrarenal NO production has been shown to modulate
literature on the effects of pH on NO synthesis is limited. mesangial sclerosis [15], a critical determinant of progres-
Since the clinical conditions in which systemic and tissue sion of chronic renal failure (CRF). However, to date
pH is altered impact significantly on the cellular function, there are no published data on the regulation of mesangial
it is likely that at least some of these functional alter- NO synthesis by intracellular or extracellular pH.
ations may be mediated by changes in local NO synthesis. Because acidosis may contribute to the symptomatol-
Indeed, studies have suggested that extracellular pH mod- ogy and progression of chronic renal disease through
ulates endothelin release from microvascular endothelial hemodynamic and non-hemodynamic mechanisms [16],
cells [7]. Bellocq et al demonstrated that exposure of I hypothesized that these effects of extracellular pH may
macrophages to acidic pH (7.0) stimulating the micro- occur by modulation of intrarenal NO synthesis. Mesan-
environment of inflammation, enhanced iNOS activity gial NO synthesis was specifically examined under dif-
through activation of NF-B [6]. Similarly Unno et al fering pH conditions. The data presented demonstrated
demonstrated that -interferon stimulated NO-mediated that inducible NO synthesis in MMC is inhibited by re-
intestinal permeability in mild acidemia (pH 6.6 to 7.0) duced pHe (Fig. 1) while alkaline pH did not interfere
[8]. Under these circumstances, although iNOS protein with NO production. Furthermore, the enzyme activity
expression was unaffected, formation of peroxynitrous measured by [3H] arginine to [3H] citrulline conversion
acid formation and hydroxyl radical formation was in- was significantly decreased under conditions of reduced
creased. In endothelial cells, intracellular acidosis (pH pHe (Fig. 5), while iNOS gene and protein expression
6.7) inhibited eNOS production over 50%, optimal NO was unaltered (Figs. 3 and 4). Examination of the post-
synthesis occurred at 7.4 while at a pH of 8.6 NO activity translational mechanisms of iNOS inhibition in acidic
was totally abolished [9]. On the other hand, acidosis medium revealed that BH4 and l-arginine supplementa-
has been shown to enhance nitric oxide production in tion had no effect while NADPH oxidation was signifi-
pulmonary epithelial cells in rat [10]. Thus, the effect of cantly increased. Evaluation of NADP/citrulline stoi-
pH on NO synthesis is variable depending on the cell chiometry indicated uncoupling of NADPH oxidation
(Table 1). These observations support the conclusiontype and the NOS isoform involved.
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that acidosis impaired iNOS activity by altering NADPH that nNOS may exhibit similar uncoupling of NADPH
oxidation, an important post-translational mechanism in oxidation in reduced pHe [12]. Since the uncoupling of
iNOS activation. NADPH oxidation was demonstrable not only in lysates
As mentioned earlier, while the effect of pHe on NO of stimulated MMC but also in isolated iNOS enzyme
synthesis depends on the cell type as well as the NOS preparation, the uncoupling was mediated by iNOS and
isoform involved, there is little information about pH not any other enzyme in the MMC lysates. Furthermore,
modulation on intrarenal NO synthesis, especially in the in conditions where iNOS activity is enhanced, such as
more relevant mesangial cells. The data presented here in macrophages exposed to reduced pH, NADPH oxida-
clearly demonstrate that iNOS activity is regulated by tion exhibits normal coupling (Table 2).
extracellular pH and that this phenomenon occurs at a The uncoupling of NADPH oxidation in reduced pH
post-translational level that involves NADPH oxidation is associated with rapid rate of NADP generation (Fig.
to NADP. These studies imply that inhibition of intrare- 9A). This suggests that reduced pH may drive the revers-
nal NO synthesis may be much more pronounced in ible NADPH⇔NADP reaction toward faster NADP
those forms of CRF that are associated with severe renal formation, as confirmed by my observations. In turn this
acidosis. Untreated acidosis thus may contribute to the effect may be due increased activity of NADPH oxidase
progression of CRF through modulation of intrarenal
or increased binding of iNOS enzyme with its co-factor
NO synthesis by hemodynamic and non-hemodynamic
NADPH. As a part of the experimentation to normalizemechanisms. Further studies need to be performed to
the coupling of NADPH oxidation to iNOS, inhibitorsdetermine if the increased oxidation of NADPH in re-
of NADPH oxidase such as phenylarsine oxide and di-duced pHe is due to activation of NADPH oxidase or
phenyleneiodonium chloride (DPI) were considered.due to the excess H that may shift the NADPH to
The majority of available NADPH oxidase inhibitorsNADP reaction to the right.
also inhibit the iNOS enzyme. However, the concept ofDuring NO synthesis from l-arginine, cofactors such
rapid substrate depletion in NADPH oxidation underas BH4, FMN, FAD shuttle electrons from the substrate
reduced pHe conditions was confirmed when saturatingNADPH at the enzyme site. This occurs in essentially
concentrations of NADPH normalized iNOS activity.in two steps. In the first step, formation of N-hydroxy-
However, the NADPH oxidative coupling to iNOS re-l-arginine involves a two-electron oxidation supplied by
mained uncoupled. Thus, these studies suggest that in-one molecule of NADPH. In the second step, a second
creased rate of NADPH oxidation by reduced pHe re-oxygen is supported by 0.5 molecule of NADPH re-
sulting in the formation of NO and citrulline. Thus, in sulting in substrate depletion leads to reduced iNOS
normally coupled iNOS activation, the NADP: citrulline activation and uncoupling of NADPH oxidation.
stoichiometry is between 1.5 and 2.0. The ratio of NADP/ Renal acidosis does not always lead to or contribute
NADPH in the cytosol strongly influences the rate of to renal disease progression. In fact, renal failure is un-
NADPH oxidation and in turn iNOS activity. It is con- common in primary renal tubular acidosis. The magni-
ceivable that the NADP/NADPH ratio may be decreased tude of renal ammoniagenesis is a critical determinant
in reduced pH due to the excess H ions. The resultant in renal sclerosis [17]. Enhanced ammoniagenesis is cur-
increase in NADPH may partly be responsible for an rently thought to play an important role in renal hyper-
increase in rate of NADP generation. More importantly, trophy and interstitial fibrosis [18]. Ammoniagenesis is
the optimal pH for iNOS activity is 7.0 to 8.0 while that increased in the presence of renal failure while it is re-
for NADPH oxidation is 5.5 to 6.5. These differences in duced in all forms of renal tubular acidosis [19]. Ling et
pKa also may contribute to the uncoupling of iNOS activa- al demonstrated that ammonium chloride induces mes-
tion and NADPH oxidation at reduced pH conditions.
angial cell hypertrophy [20].
Another potential mechanism that could explain the
In summary, the observations presented here clearlypH-dependent uncoupling of iNOS may be destabiliza-
establish pH is an important modulator of mesangial NOtion of the iNOS homodimers. While iNOS monomers
synthesis. Furthermore, the NO inhibition seems to becan oxidize NADPH, they cannot generate NO. Pub-
mediated by a post-translational mechanism that in-lished data that examined pH-dependent effects on neu-
volves uncoupling of NADPH oxidation. Inhibition ofronal NOS activity suggested that an increased mo-
NO synthesis by acidosis thus may contribute to thenomer:dimer ratio existed under reduced pH conditions
progression of those forms of CRF where acidosis is a[12]. Currently it is unknown if similar pH-dependent
prominent feature. Further studies need to be performedeffects are seen with other NOS isoforms in relation
to establish the role of NO inhibition by acidosis in exper-to stability of dimmers. Although in general, of all the
imental models of CRF and if amelioration of acidosisisoforms of NOS iNOS is least likely to exhibit uncou-
is associated with enhanced intrarenal NO productionpling, the current studies clearly demonstrate such an un-
coupling in reduced pHe. Indeed, studies have indicated and retardation of renal failure.
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